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Understanding the contractile activity of the uterus and oviducts is indispensable for understanding the physiological mechanisms as well as all irregularities associated with the period of conception and early pregnancy.
The aim of the present study was to record the myoelectrical activity of the reproductive tract in sows during the oestrous phase and early pregnancy via a telemetry recording system. In a total of eight non-pregnant pigs, the bioelectrical activity was recorded through three silicone electrodes sutured on the oviduct (isthmus and ampulla) and the uterine horn. Blood samples were collected to monitor the concentrations of progesterone (P4) and luteinizing hormone (LH). The oestrous cycle was synchronized with equine chorionic gonadotrophin (eCG) and human chorionic gonadotrophin (hCG), and the animals were subjected to artificial insemination. Analysis of the EMG activity of the oviduct and uterus in the oestrous phase and in early stages of pregnancy suggests explicitly that telemetry could enable in vivo assessment of myoelectrical activity of parts of the reproductive system in sows. Off-line analysis of the duration of EMG activity bursts in the uterus, isthmus and ampulla were significantly higher during early pregnancy (phases II and III) than in the oestrous phase. The EMG signals demonstrated low mean amplitudes of activity in the oviduct and uterus during early pregnancy (phases I-III). Significant differences between the root mean square signals were observed in the isthmus and ampulla both during oestrus and in early pregnancy (phase I; P < 0.01). During the oestrous phase, the P4 concentration was estimated at <1 ng ml −1 , whereas the LH concentration was >4 ng ml −1 . In contrast, during early pregnancy, the P4 and LH concentrations were estimated at >4 and <1 ng ml −1 , respectively.
Introduction
Pigs are widely used as experimental models in research of both the gastrointestinal and the reproductive tracts (Gacsalyi et al. 2000; Wray et al. 2015) . Results obtained during experiments on this species are treated as referential. Results of recordings of the contractility of the oviduct and uterus obtained using in vitro research techniques are debatable, mainly because they do not take into consideration basic variables, such as the hormonal effects in the blood and the impact of the autonomic nervous system (Gajewski & Faundez, 1992; Stecco et al. 2003; Garfield et al. 2005) . The myoelectrical activity data of the uterus is fragmentary, limited by technical problems (recordings lasting only up to a few hours do not cover the whole oestrous cycle) and complicated surgical operations. Information on myoelectrical activity of the oviduct is even less precise and is mainly limited to in vitro experiments (Rodriguez-Martinez & Einarsson, 1985) . The telemetry method facilitates the transformation of an analog biological signal received from the animal's body into a digital signal, followed by its transmission via radio waves. The radio signal, intercepted by the aerial, is then filtered, amplified, and saved in a computer. After the recording, the saved data can be analysed using off-line methods. The telemetry method makes it possible to preserve the well-being of the animals and eliminate the stress associated with immobilization and provides the possibility of carrying out long-term recordings. It also allows for a reduction of the number of animals used in the experiment (Gajewski et al. 2001) . Radiotelemetry provides an alternative means of obtaining wireless measurements of biological signals from freely moving, conscious animals (Gacsalyi et al. 2000) . The greatest advantage is that the experimental animals are not stressed; during the recording of the data the animals are not in any way restrained, and no human presence is necessary. Numerous parameters, including ECG, EMG, EEG, body tissue temperature and blood pressure, have been measured in this way (Brooks et al. 1996; Deveney et al. 1998; Wolinski et al. 2003) . Commercially available telemetry systems have become popular in cardiovascular and behavioural studies (Kramer et al. 1993) . A telemetry recording system was used to measure EMG signals from the duodenum in pigs by Zabielski et al. (1998) . These were the first studies that adapted a telemetry recording system to perform long-term examinations of the gastrointestinal tract in pigs. Next, a telemetry recording system was adopted for measurement of the EMG signal from the reproductive tract (Brooks et al. 1996) . In this experiment, the pig was used as a model animal for physiological research on the myoactivity of the smooth muscle.
During the oestrous cycle, the contractility of the female reproductive system (i.e. uterus and oviducts) is of vital importance to maintain its homeostasis as well as transport of gametes and/or embryos. Contractility experiments performed on the reproductive tract of animals are scant, mostly because of methodological problems (Devedeux et al. 1993) . Accessing the uterine myometrium for the placement of the recording electrodes or implantation of tensometers is surgically possible by laparotomy or per vaginam. The recording of oviductal activity is, however, far more difficult. Moreover, the wall of the oviduct is very fragile, so time-consuming studies with the use of standard recording electrodes may easily damage the tissue or disrupt its physiological function. It is probably for these reasons that the myoelectrical activity of the uterus has not been clearly described in vivo. Additionally, incorrect contractile activity of the oviduct during the experiments may affect the nidation of the embryo as well as the reliability of the obtained data. Therefore, our aim was to record the myoelectrical activity of the oviduct in vivo via a telemetry recording system during the oestrous phase and early pregnancy in order to gain a better understanding of the physiological functions of the oviduct. 
Methods

Ethical approval
Animals, experimental design and reproductive management
The studies were carried out on eight Polish Landrace sows (95-110 kg body weight). The sows were selected from a herd in which animals were at least 4 months old, had experienced a single oestrous cycle and had not been inseminated. Exposure to a boar was used to detect the first oestrus. The sows were adapted to the animal facilities for 7 days before the experiment. During the whole experiment, the sows were kept in metabolic cages. The animals were fed with a commercial feed twice a day, at 08.00 and 16.00 h. Tap water was allowed ad libitum. During the entire study, the sows were clinically healthy.
The EMG signal was measured continuously during and after oestrus synchronization and during early pregnancy. The oestrus was synchronized (after a 14 day oestrous cycle) by I.M. injection of equine chorionic gonadotrophin (750 IU; Werfaser, Fa. Alvetra, Austria). Three days after the equine chorionic gonadotrophin injection, the animals received an I.M. injection of human chorionic gonadotrophin (hCG; 500 IU; Werfachor) and were artificially inseminated (AI) two times within the next 24 and 48 h. The EMG recording continued for 18 days after B. Pawlinski and others The concentration of hormones is given as an average for intervals. Abbreviations: AI, artificial insemination; eCG, equine chorionic gonadotrophin; hCG, human chorionic gonadotrophin; LH, luteinizing hormone; and P4, progesterone.
AI (see Table 1 ). At the end of the experiment, sows were slaughtered, electrodes were checked for their position, and the reproductive system was gently flushed for embryo collection. The animals were killed in a slaughterhouse by stunning using electric current applied with electrodes, followed by exsanguination (in accordance with European Directive 2010/63/EU). The uteri of the animals, killed on the 18th day after the onset of oestrus, were dissected in 0.9% sodium chloride in a plastic tank. The myometrium was cut longitudinally, the cut edges were stretched, and the mucosa was torn gently to expose the endometrium. The blastocysts, which at this stage of development are greatly elongated, were then readily seen. Their location in the uterus was noted before they were freed from the folds of the mucosa. They were then floated out and measured, and the position of each embryo on the embryonic sac was recorded. The stages of development of the somites, the amniotic folds and the allantois were determined under a dissecting microscope (Olympus SZ51, Japan).
Implantation of electrodes
The recording electrodes were in principle made according to Sarna et al. (1981) , although the construction of oviduct electrodes was significantly modified to comply with the small outer diameter and thin muscle wall, as described by Gajewski et al. (2001) . The silver bipolar electrodes, made from a wire with a diameter of 0.4 mm (Ag 99.98% clean; Mennica Polska, Warsaw, Poland), were connected to a strand-type steel wire immersed in Teflon (A-M Systems, Inc., Sequim, WA, USA). The electrodes were then fixed between two silicone pieces (no. 2079; Sigma medical, Nanterre, France), and a surgical nylon net was placed between the pieces. The whole construction was glued with silicone glue (Silastic R no. 891; Dow Corning, USA). The electrodes that were affixed onto the oviducts were cast in an oviduct-shaped silicone base with diameter 4-5 mm, whereas the electrode stitched onto the uterus had a flat base. The combination of the three electrodes (destined for the uterus and the oviducts) were connected to a three-channel transmitter (TL10M3-D70-EEE; DSI, USA), used for saving of biopotential in large animals. Before the operation, the electrodes and the implant were sterilized in a 2% solution of glutaraldehyde (Aldesan E, Ząbki, Poland) and then washed with aseptic physiological saline.
Anaesthesia and surgery
Animals were premedicated with azaperone [Stresnil, 3 mg (kg body weight) −1 , I.V.; B. Braun Melsungen AG, Melsungen, Germany] in strictly aseptic conditions. A 15-cm-long incision was made on the right side, immediately behind the rib arch. The skin, the external and internal oblique muscles, the straight muscle and the peritoneum were cut. Then the uterus was extracted from the abdominal cavity: horns, oviducts and ovaries. The electrodes were sutured on the isthmus and the ampulla of the right oviduct and on the middle part of the uterine horn with non-absorbable sutures (Amifil 5-0; SINPO, Poland). In the next step, the oviducts and the uterus were positioned back in the abdominal cavity, and the transmitter implant was fixed in a pocket made in the external oblique muscle. The earth electrode was fixed to the abdominal muscles near the transmitter, and the laparotomy was closed routinely. After the surgery, an analgesic [Tolfine, 2 mg (kg body weight) −1 , I.M.; Vetoquinol, Lure Cedex, France] and routine antibiotic therapy was applied [penicillin and streptomycin; Pen-strept, 1 ml (20 kg body weight) −1 , I.M.; Scan Vet, Skierszewo, Poland]. The healing was fast and without complications. After 10 days, the non-absorbable sutures were removed.
Telemetric recordings
The EMG signal was tested directly after the surgery in order to check the correctness of the surgery. Generally, a disturbance-free signal was recorded on the 3rd-5th day after the surgery. Regular recordings began on day 3. Owing to the limited source of energy, after each recording session the transmitter was turned off with the application of a magnet. The minimal time of the daily recordings was 2-3 h of artefact-free signal. The myoelectrical signals received by the electrodes from the animal's body were transferred to the transmitter, from which they were sent by radio waves to the receiver (RMC-1), located ß50 cm away from the cage. The received signal was amplified (BioAmp; ADInstruments, Melbourne, Australia), and a frequency band of 10-50 Hz was recorded using PowerLab 4e (ADInstruments) and a PC. Chart v. 4.0 (ADInstruments) software was used for saving, storage and analysis of the data. The EMG signal was recorded daily, usually with one short break (ß 1 h) for archival data registering.
EMG signal analysis
The contractile activity of the oviduct and the horn of the uterus was defined as a series of stimulating electric potentials with amplitude >5 μV and a duration > 3 s, separated from each of the next series by a time interval no shorter than 5 s (Gajewski & Faundez, 1992; Gajewski et al. 2006) . The appearance of each electric activity after this period of time (5 s) was determined to be the next discharge (Gajewski et al. 2004; Gajewski et al. 2003; Jedruch et al. 1989 and Ziecik et al. 1978) . In humans, electrical activity can last more than a minute, and can produce voltages of over a millivolt in amplitude, with electrical frequencies mostly concentrated in the <1 Hz realm (Garfield et al. 2005) . In pigs, the mean amplitude (in millivolts) and the mean duration (in seconds) of the electrical activity (total duration of all discharges within 30 mi) and root mean square (RMS; in millivolts) were recorded and analysed according to Gajewski & Faundez (1992) and Gajewski et al. (2006) (see Table 2 ).
The oestrous phase and the early pregnancy periods (phases I-III) were identified based on the analysis of EMG parameters, such as duration of activity, amplitude and RMS, and compared with data obtained from measured hormone concentrations as described below. We divided the period of early pregnancy into the following three phases: phase I, 3-5 days after the luteinizing hormone (LH) surge (associated with transport of embryos from the oviducts to the uterine horns); phase II, 6-7 days after the LH surge (embryo hatching); and phase III, 8-18 days after LH surge (pre-implantation period).
Analysis of luteinizing hormone and progesterone (P4)
During surgery, a silicone cannula was inserted into the brachial vein of the animals in order to enable daily blood sample collection. Seven millilitres of blood per sample was collected into vacutainer tubes every 4 h on each day of the experiment, centrifuged (5,590 g; 10 min), and the serum samples were kept frozen until they were assayed. The concentrations of LH were measured using a radioimmunoassay (not commercial) test as previously described by Ziecik et al. (1978) . The sensitivity was 0.08 ng ml −1 (intra-assay coefficient of 
Statistical analysis
The data were analysed using the non-parametric Kruskal-Wallis test of InStat R v3.06 backed up with Dunn's multiple comparisons test (non-parametric ANOVA) in the program (GraphPad Software Inc., La Jolla, CA, USA). The data were considered significantly different when P < 0.01. Results were expressed as means ± SD.
Results
During the oestrous phase (after administration of hCG), the P4 concentration was estimated as <1 ng ml −1 , whereas the LH concentration was >4 ng ml −1 . In contrast, during early pregnancy, the P4 and LH concentrations were estimated as >4 and <1 ng ml −1 , respectively (see Fig. 1 ). Analysis of serum LH concentrations showed a strongly expressed peak of LH on the first day of the oestrous phase and a second, much weaker peak 9-10 days later. The concentration of P4, initially low, was increasing from the 1st to the 18th day after oestrus.
Gentle flushing of the reproductive tract and evaluation of the flushed liquid showed that the embryo(s) of each sow were viable and of good quality. The embryos were located in the uterine horns. The size of the embryos ranged from 8 to 11 mm, and number of embryos per sow ranged from 12 to 19. It was also confirmed that all animals were pregnant.
The EMG signals obtained from the uterine horn and oviduct (isthmus and ampulla) during the oestrous phase and the early pregnancy period are shown in Figs 2-4. The durations of the activity periods of the uterus, isthmus and ampulla were significantly higher during early pregnancy (phases II and III) than in the oestrous phase (Fig. 2) . In the uterus, isthmus and ampulla, no significant difference in the mean duration of activity was observed between oestrus and early pregnancy phase I (Fig. 2) . In the isthmus, the mean durations of the activity between early pregnancy phases I and II versus III were significantly higher (P < 0.01; Fig. 2 ). In the uterus and oviduct ampulla, significant differences in the mean durations of activity were observed between early pregnancy phase I and early pregnancy phases II and III (P < 0.01; Fig. 2 ). The amplitudes in the isthmus, ampulla and uterine horn were significantly higher in the oestrous phase than in early pregnancy (phases I-III; P < 0.01; Fig. 3 ). In the uterus, isthmus and ampulla, no significant differences in the mean amplitudes of activity were observed between the early pregnancy phases I, II and III. In the uterine horns, the RMS signals were significantly higher in the oestrous phase than in early pregnancy (phases I-III; P < 0.01; Fig. 4 ). Significant differences between the RMS signals were observed in both the isthmus and ampulla between oestrus and early pregnancy (phase I; P < 0.01; Fig. 4 ). In the isthmus and ampulla, no significant difference in the mean RMS of activity were observed between the oestrous phase and early pregnancy phases II and III (Fig. 4) .
Discussion
A major advantage of telemetry, in comparison to other methods of EMG recording, lies in the ability to carry out continuous research over long periods of time. One of the limitations of this method is the power source of the implant. The batteries used in telemetric implants allow continuous recording of data for up to 5 or 6 weeks. No research has been conducted for longer periods of time, but it is safe to assume that longer recording depends solely on the battery life. The advantage of telemetry for EMG recording over other methods is the ability to carry out continuous research over long periods of time. In the facility where the animals were kept and where the EMG recordings took place, no negative influence on the reception of the signal sent by the implant and received by the antenna (RMC-1) was noted. No electrical appliances that could have caused distortion of the signal were present on the premises. In order to prevent possible overlapping of the signals from different implants, the animals were kept at 3 m distances from each other. The metabolic cages in which the sows were kept had no negative influence on the quality of the signal. The observed interference resulted mainly from increased activity of the animals (e.g. during feeding). As the animals became accustomed to the new living conditions and the presence of the members of the research team, it was possible to eliminate these factors as having a negative influence on the animals' behaviour and thus on the quality of the EMG recording. Successful EMG recordings were obtained from each electrode site during the whole experiment (oestrus and early pregnancy phases I-III). We suggest that the use of the telemetric recording system facilitates the recording of myoelectrical activity in the smooth muscles of the uterine horn and the isthmus and ampulla of the oviducts of sows. Moreover, telemetry enables registration of the EMG signals from the uterus and oviducts without the necessity of immobilizing the animals and makes long-term studies feasible.
The results confirm that EMG recording can be carried out over long periods of time (Gajewski et al. 2001; Wolinski et al. 2003) . The successful conduct of the AI and the pregnancy during the experiment should also be considered an important achievement. The success of the artificial induction of pregnancy proves that telemetry fulfils modern expectations concerning the well-being of the animals. Estimates suggesting that the majority of embryonic mortality occurs between 10 and 30 days of gestation are not surprising given the critical events that occur during this period (Geisert & Schmitt, 2002) . In the pig, conceptus synthesis and release of oestrogen on days 11-12 and 15-20 of gestation provides the signal to maintain luteal production of progesterone throughout gestation (Geisert et al. 1990) . In order to deliver oestrogen throughout the majority of the uterine surface, the pre-implantation embryos migrate and space themselves throughout both uterine horns between days 8 and 11 of gestation (Pope et al. 1982; Dziuk, 1985) . Conceptuses change in diameter and morphology as they develop from a 1-2 mm sphere to a 3-8 mm ovoid and a 9-20 mm tubular shape on days 10-11 (Geisert et al. 1982) . Subsequently, the embryos start to elongate rapidly from the 9-10 mm spherical stage to the >100 mm long filamentous form by day 16 (Anderson, 1978 The duration of EMG activity bursts in the isthmus study. the size of the embryos was similar (8-11 mm, on day 18). The use of telemetry is not efficient unless the electrodes used in the experiment are of sufficiently high quality. In the present experiment, it was possible to use telemetric implants for registering the EMG of the uterus and oviduct because the bipolar electrodes that were used were custom made. The commonly used unipolar electrodes are not The amplitude of EMG activity bursts in the ampulla designed to fit the anatomical shape of the oviducts and uteri of different species (Gajewski et al. 1991; Stecco et al. 2003; Cavaco-Gonçalves et al. 2006 animals. Reproducibility of conditions is one of the key elements of the research methodology in long-term tests on animals. In research conducted with the use of telemetry, the surgical technique, the materials used and the design of the electrodes are of vital importance. Many published studies focus on non-pregnant, cycling uterine contractile activity in the rat (Ishikawa & Fuchs, 1978; Downing et al. 1981; Crane & Martin, 1991a,b) , guinea-pig (Chernaeva & Milenov, 1974) , dog (Wheaton et al. 1988) , cow (Ruckebusch & Bayard, 1975; Hirsbrunner et al. 2002 Hirsbrunner et al. , 2010 Kaufmann et al. 2008) , horse (Hirsbrunner et al. 2006) and sow (Mwanza et al. 2002; Domino et al. 2016 Domino et al. , 2017a Pawlinski et al. 2016) . The induction and synchronization of oestrus are the most prevalent procedures performed to manage the timing of oestrus to meet the needs of the farm. A procedure that would facilitate manipulation of oestrus and ovulation and, consequently, allow for a fixed-time insemination can be of great benefit to pig farms that operate using sow batch management .
In the available literature, there are few articles describing the contractility of the uterus and oviduct during early pregnancy (Lammers & van der Vusse, 2015; . This can be attributed to the methodological difficulties in achieving a successful AI with electrodes sutured on the oviducts. Obtaining correct EMG recordings was facilitated by the construction of electrodes that could be sutured on the oviduct without damaging its structure. The presented results of the characteristics of the uterine motility during early pregnancy correspond to the results obtained by other authors (Mwanza et al. 2002; . Owing to the lack of information on the EMG activity of the oviducts in early pregnancy in sows, it is hard to relate the present results to the works of other authors (Lei et al. 1993; Croxatto, 2002; Kobayashi et al. 2012; Govindan et al. 2015) . The use of telemetry paired with the application of the custom-made electrodes made it possible to collect unique high-quality data with consideration for the well-being of the animals. Using this method, it is possible to conduct research during early stages of pregnancy, which are particularly important for the development of embryos and fetuses. The uterus is indubitably a complex system where billions of smooth muscle cells interact in an elaborate manner. The co-ordination of the myometrium into repetitive, synchronous, organ-level contractions is a fundamental task for many reproductive functions, including transport of gametes and embryos, implantation, gestation and parturition. Abnormal contractility leads to implantation failure, spontaneous miscarriage, preterm birth and many other disorders (Domino et al. , 2017b . Studies on isolated myometrial tissue have demonstrated the connection between electrical events and contractions (Garfield & Maner, 2007) . The frequency, amplitude and duration of contractions are determined mainly by the frequency of occurrence of the uterine electrical bursts, the total number of cells that are simultaneously active during the bursts and the duration of the uterine electrical bursts, respectively (Garfield & Maner, 2007; Domino et al. 2016 Domino et al. , 2017a Pawlinski et al. 2016) . Factors that directly stimulate or inhibit uterine contractions do so by altering the electrical properties and the excitability or conductivity of myometrial cells (Garfield & Maner, 2007) .
The results presented in this study are the first description of the characteristics of the uterus and oviduct EMG activity in relationship to plasma concentrations of LH and P4 in sows during early pregnancy (between days 3 and 18 of gestation). Progesterone is a key hormone in establishing a successful pregnancy, as one of its important effects is reduction of the uterine contractile activity (Romero et al. 2014; Pawlinski et al. 2016) . The effect of progesterone was minimized because the experiments were conducted only in periods with low progesterone concentrations (<1 ng ml −1 ) and finished immediately after the progesterone concentrationincreased, which corresponds to the results of other authors (Gajewski & Faundez, 1992; Romero et al. 2014; Pawlinski et al. 2016) .
In contrast to uterine contractile activity, data regarding contractility of the oviduct in vivo are scanty. Rodriguez-Martinez et al. (1982) suggested that oviduct isthmus myoelectrical activity in pigs could be responsible for transporting ova into the uterine cavity. Oviduct motility is regulated mainly by P4, estradiol-17β and prostaglandin (Mwanza et al. 2000) . One of the most frequently reported factors potentially regulating uterine motility is LH. Receptors for LH/hCG are present in the myometrium during oestrus (Mwanza et al. 2000) , and an inhibitory effect of hCG on the myometrium contractile activity has also been demonstrated (Flowers et al. 1991) . Based on our research, it appears that the relaxation of the oviduct is centrally controlled by the hypothalamic-pituitary-gonadal axis, and LH plays a central role in the oviduct (isthmus and ampulla) smooth muscle relaxation. Luteinizing hormone may be involved in the regulation of myometrial activity independent of its effect on the ovarian production of steroid hormones . The mechanism of action of LH on the oviduct is probably mediated by some factors released locally. Myometrial contractions are not only altered by changes in circulating hormones concentrations, but also depend on tissue exposure to these hormones and the presence of receptors.
Based on these results, it is plausible to conclude that telemetry facilitates actualization of long-lasting recordings without exerting a negative influence on the well-being of the animal. In contrast to other research methods, telemetry does not cause any disorders during the post-surgical period. Analysis of the EMG activity in the oviduct and uterus during the oestrous phase and in early stages of pregnancy (phases I-III) demonstrates that telemetry makes it possible to obtain in vivo results that enable the assessment of myoelectrical activity in parts of the reproductive system in sows. Thus, we believe that implantable telemetry should be established as the gold standard for long-term monitoring of physiological parameters in laboratory and experimental animals. With this tool available, addressing the unresolved questions on the nature of pacemaking activity and the interactions between the uterine and oviductal bioelectrical activity during early pregnancy becomes plausible.
